Background: Advanced ovarian cancer is characterized by peritoneal metastasis and the accumulation of ascites. Peritoneal metastasis of ovarian cancer is a major cause of the negative treatment outcome, as these metastases are resistant to most chemotherapy regimens. The aim of this study was to clarify aggressive pathology of peritoneal metastasis and examine the therapeutic efficacy of a liposomal agent in the model.
Background
About 14,000 people die from ovarian cancer every year in the United States [1] . The five-year survival rate of patients with ovarian cancer is lower than that for other gynecologic cancers. Unlike other cancers, ovarian cancer cells spread widely throughout the peritoneal cavity because of the absence of an anatomical barrier. The relatively poor prognosis for patients with ovarian cancer is due to a frequently advanced disease stage with peritoneal metastasis at the time of diagnosis [2] , and a substantially lower survival rate for advanced stages than for early stages [3] . To improve the survival rate of patients with ovarian cancer, many efforts have been made to detect ovarian cancer at an early stage before peritoneal metastasis had occurred.
CA-125 is used as a tumor marker to detect ovarian cancer, but it is not a reliable marker for early-stage disease [4] . In addition, the subjective symptoms are imprecise [2] . Currently, the detection of early-stage ovarian cancer is extremely difficult. For the treatment of ovarian cancer with peritoneal metastasis, the intraperitoneal administration of cisplatin or paclitaxel has been examined in clinical trials. Though some of these trials were successful [3, [5] [6] [7] , other trials did not succeed because of chemical peritonitis and the enhancement of adverse effects [8] . On the other hand, intravenous administration has been shown to have a minimal effect [9] . None of the intraperitoneal or intravenous chemotherapy regimens have been confirmed as effective against ovarian cancer with peritoneal metastasis. Thus, a novel therapy for the treatment of ovarian cancer with peritoneal metastasis is needed.
Some experimental studies have been conducted to characterize the mechanism of peritoneal metastasis. Heparin-binding EGF-like growth factor (HB-EGF), stromal cell-derived factor 1alpha (SDF-1α)/CXC receptor 4 and vascular cell adhesion molecule-1 (VCAM-1) have been reported to be related to the progression of peritoneal metastasis in ex vivo studies [10] [11] [12] , and the activation of HER2, a member of the epidermal growth factor receptor (EGFR) family, has been reported in spheroid cultures [13] . The activation of EGFR pathways has been shown to be involved in tumorigenesis in many cancers [14] . Spheroid cultures are regarded as a suitable in vitro model of peritoneal metastasis especially with regard to their anchorage-independent growth, which resembles floating cancer cell aggregates in ascites; however, the EGFR pathways in spheroid cultures are not fully understood.
In peritoneal metastasis, it is difficult to resect cancer cells completely because the cells spread throughout the peritoneal cavity. Consequently, the delivery and maintenance of anti-cancer agents in the peritoneal cavity is an important therapeutic strategy. Liposome delivery has been demonstrated to improve the pharmacokinetic profile and therapeutic efficacy of various anti-cancer agents [15, 16] . Improved efficacy is in part a result of the passive targeting of tumor sites based on the enhanced permeability and retention (EPR) effect. Liposomes are captured by the reticuloendothelial system (RES); however, liposomes with surfaces that have been modified with polyethylene glycol (PEG) are able to avoid uptake by the RES and have a longer retention time in the blood [17] . Irinotecan hydrochloride (CPT-11), which acts by inhibiting DNA topoisomerase I, is widely used against colorectal and ovarian cancer because of its robust efficacy [18, 19] . IHL-305 has developed as an irinotecan-encapsulated and PEGylated liposome, and its antitumor-activity have been demonstrated in mouse model [20] . Efficient delivery of PEGylated liposome encapsulated with vinorelbine and doxorubicin into ascites fluid have been reported [21, 22] . Thus, we hypothesized that liposomal formulations of anti-cancer agents might be useful for the treatment of peritoneal metastasis.
In this study, a murine model for the peritoneal metastasis of ovarian cancer was established using a human clear cancer cell line. This model was accompanied by accumulation of ascites, and EGFR pathways were activated in cellular aggregates collected from the ascites. Intravenously administrated IHL-305 was efficiently delivered into peritoneal ascites; this drug delivery system prolonged the survival of the mouse with peritoneal metastasis.
Results

Establishment of ES-2 peritoneal metastasis mouse model
Various numbers of ES-2 human ovarian cancer cells were inoculated into the peritoneal cavities of mice, and the survival and performance statuses after inoculation were observed. The survival time decreased depending on the number of inoculated cells ( Figure 1 ). The accumulation of ascites and the formation of metastatic tumor nodules surrounding organs in the peritoneal cavity were observed after the inoculation of 2 × 10 4 to 10 6 ES-2 cells. Floating cell aggregates were also observed in the ascites. Mice inoculated with 2 × 10 7 ES-2 cells had the shortest survival period and did not exhibit the accumulation of ascites. The optimal number of inoculated cells was decided to be 2 × 10 5 cells because mice inoculated with this number of cells exhibited characteristics of peritoneal metastasis such as the accumulation of ascites and the formation of metastases. Figure 1 Relation between the number of inoculated ES-2 cells and the survival of the inoculated mice. Various numbers of ES-2 human ovarian cancer cells (2 × 10 4 cells (•), 2 × 10 5 cells (▲), 2 × 10 6 cells (■), 2 × 10 7 cells (♦)) were inoculated into the peritoneal cavity of mice. After inoculation, the survival time of the mice was examined (n=5, each group).
EGFR pathways in ES-2 cells of spheroid cultures in vitro and in ascites in vivo
Tumor cell aggregates that were detached and floating in ascites were observed in the mouse models. When attached cells lose their anchorage, a form of cell death known as anoikis is induced. Spheroids are regarded as an anchorage-independent growth experimental model, and the involvement of Akt has been reported in anoikis resistance [23] . In ES-2 spheroids, the phosphorylation of Akt was detected, and the phosphorylation of EGFR and ERK1/2, an EGFR downstream molecule involved in a pathway other than the one involving Akt, also detected ( Figure 2A ). However, the phosphorylation of ERK1/2 was transiently down-regulated in the process of growth. Likewise, the phosphorylation of both EGFR and Akt and ERK1/2 were observed in cancer cell aggregates in ascites ( Figure 2B ). Thus, EGFR and its downstream signals were clearly up-regulated in the ES-2 cancer cell-induced peritoneal metastasis models both in vitro and in vivo.
Cytotoxic activity of anti-cancer agents against ES-2 monolayer and spheroids
The cytotoxic activity of anti-cancer agents against ES-2 monolayer and spheroids, an in vitro model of peritoneal metastasis, was compared using cisplatin (a platinum drug, CDDP), paclitaxel (a tubulin inhibitor, PTX), SN-38 (a topoisomerase I inhibitor, an active metabolite of CPT-11), and PD153035 (an EGFR inhibitor). CDDP, PTX and CPT-11 are clinically used against ovarian cancers [24] . In general, the activities of the anti-cancer agents were reduced in the spheroids [25] . The IC 50 values of CDDP, PTX, SN-38 and PD153035 in monolayer were 5.2 μM, <0.01 μM, <0.01 μM, 6.0 μM, respectively ( Figure 3A ). The IC 50 values of CDDP and PTX in spheroids could not be estimated because of their weak activities ( Figure 3B ). On the other hand, the IC 50 values of SN-38 and PD153035 in spheroids were 5.2 μM and 50 μM, respectively. Among the four agents that were assayed, SN-38 exerted a relatively strong cytotoxicity.
Pharmacokinetic profiles of CPT-11 and IHL-305
The metabolic conversion from CPT-11 to SN-38 by esterase is necessary for the anti-cancer activity of CPT-11. For the treatment of peritoneal metastasis, the delivery of anti-cancer agents to detached and floating cancer cells in ascites is vital for therapy. The pharmacokinetic profiles of CPT-11 and its liposomal formulation, IHL-305, were examined in blood and ascites samples collected from mice with peritoneal metastasis to determine whether CPT-11, once released from IHL-305, is delivered to the ascites and converted to SN-38 and then to SN-38 glucuronide (SN-38G) within the ascites. For this purpose, the total amount of CPT-11 (tCPT-11), the amount of CPT-11 that is released from IHL-305 (rCPT-11), and the amounts of SN-38 and SN-38G were determined using HPLC. The results indicated that the pharmacokinetic profile of CPT-11 and its metabolites were improved by the liposomal formulation. In the blood samples, the concentrations of tCPT-11, rCPT-11, SN-38 and SN-38G rapidly decreased after administration in CPT-11-treated mice. In the IHL-305-treated mice, however, the concentrations decreased slowly after administration ( Figure 4A ). The AUC of SN-38 in the IHL-305-treated mice was 2.8 times higher than that in the CPT-11-treated mice. In ascites samples, the concentrations of tCPT-11, rCPT-11, SN-38 and SN-38G rapidly decreased just after administration in the CPT-11-treated mice. In the IHL-305-treated mice, however, the concentrations reached a maximum at 24 hr after administration and then slowly decreased ( Figure 4B ). The AUC of SN-38 in the IHL-305-treated mice was 3.8 times higher than that in the CPT-11-treated mice.
Metastatic behaviors of peritoneal metastasis in mice treated with CPT-11 or IHL-305
The typical metastatic behaviors observed in mice with peritoneal metastasis are the accumulation of ascites and metastasis to intra-abdominal organs, such as the omentum and mesenterium. As surrogate endpoints of the anti-cancer activity of CPT-11 and IHL-305, ascites and metastasis parameters were examined after the administration of these agents. CPT-11 showed an anti-cancer activity, and IHL-305 showed an even greater activity. Control mice exhibited high incidences of the accumulation of ascites and the formation of metastases on days 18 and 26, and all the mice had died by day 31 after cancer cell inoculation. The CPT-11-treated mice exhibited no accumulation of ascites on days 18 and 26, but high incidences of metastasis were observed on days 18, 26 and 31. The IHL-305-treated mice exhibited no ascites or metastasis on days 18, 26 and 31 except for one mouse who exhibited a metastatic tumor on day 18 ( Table 1 ). The anti-cancer potency of IHL-305 was thus revealed by the strong suppression of the accumulation of ascites and metastasis.
Survival of mice with peritoneal metastasis treated with CPT-11, IHL-305
We demonstrated that CPT-11 and IHL-305 suppressed the accumulation of ascites and the formation of metastases as surrogate endpoints and examined the survival time of the mice as the primary endpoint. The median survival time (MST) after the inoculation of ES-2 cells was 22, 37 and 54 days in the control, CPT-11-treated and IHL-305-treated groups, respectively ( Figure 5A ). Both CPT-11 and IHL-305 prolonged the survival time, compared with that in the control group (CPT-11, p<0.01; IHL-305, p<0.01). IHL-305 significantly prolonged the survival time, compared with CPT-11 (p<0.01).
Schedule-independency of IHL-305 therapy
Finally, we examined the schedule-dependency of IHL-305 on the therapeutic effect, since the efficacy of the test compound against the aggressive progression of peritoneal metastasis depends on the administration schedule [26] . After the inoculation of ES-2 cells in mice (day 1), IHL-305 was administered to mice according to various schedules as follow: days 4, 8 and 12 (schedule A), days 8, 12 and 16 (schedule B), and days 12, 16 and 20 (schedule C). The survival time was shortened in the schedule C treatment group, but the difference was not significant. The MST was 61, 50 and 49 days for the schedule A, B and C groups, respectively ( Figure 5B ). Thus, the survival time of the IHL-305-treated mice was prolonged independently of the administration schedule.
Discussion
We examined the peritoneal metastasis of ovarian cancer using both in vitro and in vivo models in this experimental study. We demonstrated that the accumulation of ascites and a reduction in survival were induced by the inoculation of the ES-2 ovarian clear cell carcinoma cell line, a known chemotherapy-resistant cancer cell type, into the peritoneal cavity and that the EGFR pathways were activated in the cancer cells in both the in vitro and in vivo models. Since ES-2 cells harbor a genetic mutation in B-raf, a downstream member of the EGFR pathway and a known resistance factor against anti-EGFR therapy [27] , EGFR interference was thought to be an unfavorable strategy in ES-2 models. Thus, we focused on the management of ascites using a modified liposomal formulation of a chemotherapeutic agent, since doxorubicin liposomes have been applied for ovarian cancer therapy. We demonstrated that IHL-305 was retained within the ascites of the mice and prolonged the survival period of the mice. Ovarian cancers advance to peritoneal metastasis through the dissemination of the cancer cells from the ovary to the peritoneal cavity. In this study, we used a clear cell type ovarian cancer cell line, ES-2 to establish peritoneal metastasis models (Figure 1 ). We also examined an adenocarcinoma ovarian cell line, SK-OV-3, and the amount of vascular endothelial growth factor (VEGF) in the spheroid culture supernatant was much higher for the ES-2 cells than for the SK-OV-3 cells (data not shown). VEGF reportedly plays an important role in the progression of peritoneal metastasis [28] . In clinical studies, clear cell type ovarian cancer has exhibited a resistance to chemotherapy [29] . Therefore, we selected ES-2 cells as an aggressive peritoneal metastasis model in this study.
In general, peritoneal metastasis induced the accumulation of ascites, including floating cancer cell aggregates. We focused on the floating cells, which showed anchorage-independent growth and were regarded as comparable to the spheroids of cancer cells in the in vitro peritoneal metastasis model. We detected the activation of Akt in both the in vivo and the in vitro models of peritoneal metastasis (Figure 2 ). Akt reportedly plays an important role in resistance to anoikis (detachment-induced apoptosis) [23] . In addition, the activation of EGFR was also detected in both models. However, EGF, an activating ligand of EGFR, was not detected in the spheroid culture medium or ascites (data not shown). A three-dimensional culture resulting in the upregulation of HER2 has been reported [13] . Therefore, alterations in the formation of three-dimensional structures might activate the EGFR pathways.
Platinum and taxane agents are used as standard chemotherapy for the treatment of ovarian cancers. We examined the cytotoxic activity of CDDP, SN-38, PTX and PD153035 against monolayer and spheroids of ES-2 cells. Spheroids of ES-2 cells demonstrated resistance to the agents tested, especially to CDDP and PTX, though these agents exerted potent activity in monolayer cultures ( Figure 3A) . Cancer cells bearing the B-raf gene mutation have been reported to exhibit resistance to EGFR inhibitors, and ES-2 cells carry this mutation [27] ; therefore, we assumed that the ES-2 cells were resistant to the EGFR inhibitors. Targeting Akt is still remaining but among the tested agents, SN-38 exerted the highest cytotoxic activity ( Figure 3B) ; thus, we applied CPT-11, a prodrug of SN-38, for the treatment of the peritoneal metastasis.
Liposomal formulations improve the pharmacokinetic profile, but the profile of IHL-305 in a peritoneal metastasis model with ascites has not been previously examined. In the present study, a larger amount of IHL-305 was retained in the ascites, compared with CPT-11 ( Figure 4B ). Generally, therapeutic agents in the peritoneal cavity are absorbed through vessels and lymph nodes. High molecular weight agents are mainly absorbed through lymph nodes, whereas low molecular weight agents are mainly absorbed through vessels [30] . In peritoneal metastasis, cancer cells invading the lymph nodes reduce the absorption by lymph nodes. The absorption rate of IHL-305, a high molecular weight agent, has been shown to be lower than that of CPT-11 ( Figure 4B ). It is suggested, therefore, that those improved pharmacokinetic profile of IHL-305 leads to an enhancement of the anti-cancer efficacy ( Figure 5A ). As shown in Table 1 , ascites fluids have observed in CPT-11 group on day 31, whereas it has not observed on days 18 and 26. It was thought that this dosage of CPT-11 was not enough to cure the tumor cells completely, although this dosage was recommended dose of CPT-11 in mouse. Thus, the remaining tumor cells in CPT-11-treated mouse proliferated and then release of the ascites fluids was induced. Moreover, IHL-305 prolonged the survival time when administered according to any of the schedules that were examined ( Figure 5B ). IHL-305 was administered on day 12 after the inoculation of ES-2 cells; at this stage, advanced tumor invasion (omentum, pancreas, etc.) was apparent. Nevertheless, IHL-305 exhibited a therapeutic efficacy against the invaded tumors in addition to the cancer cell aggregates in the ascites.
Conclusion
We demonstrated that the activation of EGFR pathways contributes to the aggressive progression observed in an established ES-2 peritoneal metastasis model, and IHL-305 effectively suppressed the progression of peritoneal metastasis and prolonged the survival period in this model. This liposomal formulation was considered as an effective delivery tool toward peritoneal cavity.
Materials and methods
Reagents CPT-11 and SN-38 were obtained from Yakult Honsha, Co., Ltd. (Tokyo, Japan). IHL-305 was obtained from Terumo Corporation (Tokyo, Japan). PTX and CDDP were obtained from Sigma, Inc. (St. Louis, MO, USA). PD153035 was obtained from Merck KGaA (Darmstadt, Germany).
Cell cultures
The ES-2 cell line, a human ovarian clear cell carcinoma, was obtained from American Type Culture Collection (Manassas, VA, USA). For the spheroid cultures, the ES-2 cells were seeded into a 96-well spheroid culture plate (Sumilon cell tight Multiwell plate; Sumitomo Bakelite Co., Ltd, Tokyo, Japan) on day 1 (2500 cells/well; 50 μL/ well). Cells were collected on days 4 and 7 and used for the immunoblot analysis.
Immunoblot analysis of EGFR pathways
The harvested spheroid culture cells or cancer cells from the peritoneal cavity were washed in ice-cold PBS and lysed in RIPA buffer (10 mM Tris-HCl [pH7.4], 0.1% nonidet-P-40, 0.1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 1 mM EDTA, 10μg/mL aprotinin, and phosphatase inhibitor cocktail [Nacalai Tesque, Inc., Kyoto, Japan]). An immunoblot analysis was performed using the following antibodies: anti-EGFR (1005; Santa Cruz Biotechnologies, Inc., California, CA, USA), anti-Akt1/2/ 3 (H-136; Santa Cruz Biotechnologies), anti-ERK2 (C-14; Santa Cruz Biotechnologies), anti-β-actin (N-21; Santa Cruz Biotechnologies), anti-phospho-EGFR (Tyr 1069 ; Cell Signaling Technology [CST], Inc., Beverly, MA, USA), anti-phospho-Akt(193 H12, Ser 473 ; CST) and anti-phopho-p44/42 MAPK (Erk1/2) (D13.14.4E, Thr 202 / Tyr 204 ; CST). All the antibodies were used at a dilution of 1:1000 except for p-MAPK and β-Actin, which were used at a dilution of 1:2000. All other chemicals were of the highest purity available.
Cytotoxicity of anti-cancer agents against monolayers and spheroids of ES-2 cells ES-2 cells were seeded into a 96-well plate for monolayers or spheroid culture on day 1 (2500 cells/well) and exposed to anti-cancer agents for 48 h on days 2 to 4 (monolayers) or days 5 to 7 (spheroids). The number of viable cells was determined after exposure using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega Corporation, Madison, WI, USA).
Laboratory animals
Four-week-old female BALB/c nu/nu mice were obtained from Japan SLC, Inc. (Hamamatsu, Japan). All of the in vivo experimental protocols were approved by the animal care committee of the Yakult Central Institute for Microbiological Research.
Therapeutic study of CPT-11 and IHL-305 in peritoneal metastasis mouse model
The efficacy of CPT-11 and IHL-305 against peritoneal metastasis was then evaluated after the inoculation of ES-2 cells (2 × 10 5 cells/200 μL saline) into the peritoneal cavity (day 1) and the random division of the mice into test groups. CPT-11 (45 mg/kg/day) or IHL-305 (45 mg/kg/day) was administered via the tail vein on days 4, 8 and 12. The status of peritoneal metastasis was then evaluated on days 18, 26 and 31 by monitoring the volume of ascites and tumor nodules in the omentum, diaphragm, mesenterium and pancreas. The schedule dependency of IHL-305 was also examined. IHL-305 (45 mg/kg/dose) was administered via the tail vein to the mice on days 4, 8 and 12, days 8, 12 and 16, or days 12, 16 and 20. The survival time of the mice receiving the various therapies were then compared.
Pharmacokinetic profiles of CPT-11 and IHL-305 in mice with peritoneal metastasis About 20 days after the inoculation of ES-2 cells (2 × 10 5 cells) into the peritoneal cavity, CPT-11 (45 mg/kg) or IHL-305 (45 mg/kg) was administered via the tail vein to mice exhibiting the macroscopic accumulation of ascites. Under anesthesia, blood and ascites were excised at 0.5, 6, 24, 48 and 67 hours after administration. The concentration of total CPT-11 (tCPT-11), released CPT-11 from the liposome (rCPT-11), SN-38 and SN-38 glucuronide (SN-38G) were determined using highperformance liquid chromatography (HPLC).
